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Abstract

The reactions of **’NpO, with excess iodate under acidic hydrothermal conditions result
in the isolation of the Np(IV), Np(V), and Np(V]) iodates, Np(103)4, Np(I03)4-nH,0, NpO,(103),
NpO(103)2(H,0), and NpO,(I03),-H,0O, depending on both the pH and the amount of water
present in the reactions. Reactions with less water and lower pH favor reduced products. The
prolonged hydrothermal reaction (30 days) of the Np(VI) iodates in the presence of iodate results
in the reduction of Np(VI) to Np(IV), and the crystallization of Np(IO3)4 and Np(I103)4nH,O.
While the initial redox processes involved in the reactions between >*’NpO, or ***PuO, and
iodate are similar, the low solubility of Pu(IOs3)s dominates product formation in Pu iodate
reactions to a much greater extent than Np(10s)s does in the Np iodate system. UO; reacts with
iodate under these conditions to yield U(VI) iodates solely. The isotypic structures of the An(IV)
iodates, An(IO3)s (An = Np, Pu) are reported, and consist of one-dimensional chains of
dodecahedral An(IV) cations bridged by iodate anions. Single crystal magnetic susceptibility

measurements of Np(IOs)s show magnetically isolated Np(IV) ions.
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Under the oxidizing conditions present in the groundwater taken from wells near Yucca
mountain, introduced iodine should occur in the form of both iodide, I', and iodate, 105 (1).
Whereas I is not expected to form strong complexes with actinide ions in aqueous media (2),
105 forms stable, inner-sphere complexes with actinides (3). The remarkable insolubility of
actinide iodates has been used for decades to precipitate actinides selectively from fission
products and other elements (4). The initial form of actinides in spent nuclear fuel (SNF) is
primarily the reduced forms, i.e. UO,, NpO,, and PuO,. Owing to its high vapor pressure, iodine
is expected to be concentrated near the surface and in grain boundaries in SNF where it could
react with dissolved oxygen in water to form iodate (5). Therefore, the products of the reactions
of tetravalent actinides with iodate might play an important role in the potential release of several
key long-lived radionuclides (e.g. '%L, t, = 1 x 10" y; *U, t,, = 4.46 x 10° y; ®'Np, t,, = 2.14 x
10° y, and °Pu, t,, = 2.411 x 10* y) into the environment in the event of aged SNF contacting
groundwater. During the lifetime of stored SNF, it is possible that minute cracks and pores will
form in the casing. This scenario will significantly limit the amount of groundwater interacting
with the nuclear waste. Herein, we show that the chemistry that occurs under hydrothermal
conditions where a limited amount of water is present is dramatically different from what is
predicted based on traditional homogeneous solution chemistry (6).

When **’NpO, is reacted with excess iodate under acidic mild hydrothermal conditions,

Np(IV), Np(V), and Np(V]) iodates are isolated as is shown in Scheme 1 (7).
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Scheme 1.

Reaction 1 describes the direct two-electron oxidation of Np*" to NpO,®* by iodate.
Acidic dissolution of NpO; in the presence of oxygen typically yields Np(V) in the form of
NpO," in solution (e.g. in 1 M HCI). Reaction 1 is governed by the strong oxidizing potential of
iodate under acidic conditions that is sufficient to directly oxidize Np*" to NpO,*" (6). The

formal potentials for these reactions are given below in Scheme 2 (6, 8).
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Scheme 2.

It is important to note that these E° values are given at 25 °C and 1 atm. Our reactions
are occurring at 200 °C and approximately 17 atm (if H,O exhibits the vapor pressure of pure
water), and therefore these potentials can only be used for guidance. These reactions should be
thought of as taking place in steam under autogenously generated pressure. There is

approximately 170 uL of liquid water present at 200 °C in a reaction that starts with 250 uL of

water. In contrast, there will only be 20 uL of liquid water present at 200 °C in a reaction that



begins with 100 pL of water. When the reactions occur with only a limited amount of liquid
water present, as is demonstrated in Reactions 2 and 7, reduction of NpO,>* back to Np** takes
place. When sufficient amounts of water are present to approximate a solution (500 uL), as in
Reaction 6, the predicted reaction between NpO, and iodate occurs, via Reaction 2, and
NpO2(103)2(H,0) and NpO,(IO3),H,O form (9). Reaction 5 is the most interesting of this
series, and represents conditions under which comproportionation of Np*" and NpO,*" occurs to
yield two equivalents of NpO,". It is important to note that even when the Np(VI) products are
isolated as solids, they can be slowly converted to Np(IV) iodates by the application of
appropriate hydrothermal conditions (250 uL water), as is shown in Reaction 7. If the amount of

water is increased to 500 pL, reduction does not take place.

2H" + NpO,(I0,),H,0 + 210, %Npao}h + 2H,0 + 120, (7)
Scheme 3.

Reactions 2-5 are not solely driven by the solution phase thermodynamics of the
oxidation of Np*™ by iodate, but also by the reduction of Np(VI) to yield Np(IV), and the
subsequent crystallization of the Np(IV) iodate products, Np(103)4 and Np(103)4nH,0. Figure 1
depicts the results of Reaction 7, and shows crystals of Np(I03)4 and Np(103)4nH,O that have
grown directly off of the surface of delaminating crystals of NpO,(103),(H,O). This result
supports that the reaction is a solid-to-solid transformation that is probably surface-mediated.
The same may be true for Reactions 2—5. In the presence of a large external radiation source,
radiolysis products of water (e.g. H, HO,, and H,0O,) might play a role in the reduction of Np(VI)

to Np(I'V) (10).



As was observed with Np, the reaction of PuO, with iodate leads to the two-electron

oxidation of Pu*' to PuO,*" with concomitant production of elemental iodine (Reaction 8).

5PuO, + 12H + 210, &34, 5pyo + I, + 6H,0 (8)
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Scheme 4.

In contrast to the **’NpO, reactions, the reaction of ***PuO, with iodate with less than 1000 pL
of water leads almost solely to the formation of Pu(IO3)4 (11). Reactions with 1000 puL of water
produce trace amounts of the Pu(VI) product, PuO,(10;),-H,O (9,12), but the major product is
still Pu(I03)4. When 3000 pL of water are used, the only product that is isolated is Pu(IO3)a.
These results imply that the hydrothermal chemistry of Pu iodates is dominated to an even
greater extent than in the Np reactions by the formation of the An(IV) iodates.

In previous work it was shown that stock solutions of Pu*" and NpO, " react with excess
metaperiodate, 104, to yield products that contain the actinides in the +6 oxidation state (e.g.
NpO2(I03)2(H,0) and AnO,(103),'H,O (An = Np, Pu)) (9,12). Metaperiodate contains I(VII),
and is a much stronger oxidant than iodate. Clearly, the reactions reported herein of AnO, (An =
Np, Pu) with iodate under hydrothermal conditions with limited amounts of water are
dramatically different from those of aqueous actinide ions with very strong oxidants. While
these reactions are occurring at a much lower pH than natural groundwaters, this work calls into
question the use of standard solution reactivity data on actinide ions to predict the behavior of

SNF that will start off as a reduced solid. The thermodynamic data for actinide complexation are



already being reevaluated in light of the substantial changes that occur at elevated temperatures
(13).

The least complex of these reactions is that of UO, with iodate. The process proceeds in
accordance with Reaction 10, yielding only U(VI) iodates, such as UO,(103)>(H,0) (14). Given

the ease of oxidation of U*" to UO,*", this result is not surprising (6).

5U0, + 12H + 1210, &Hzcoﬂ» 5U0,(I0,),(H,0) + I, + HO (10)

Scheme 5.

In addition to the new actinide reactivity patterns, these syntheses provide access to
single crystals of An(IO;3)s (An = Np and Pu) and Np(103)4nH,O. The crystal structure of
An(I03)s (An = Np and Pu) consists of eight-coordinate, trigonal dodecahedral An(IV) centers
(Dyg) bridged by iodate to form one-dimensional chains as is shown in Figure 2a (15,16). The
Np centers reside on 4 sites yielding two independent An—O bond distances of 2.329(4) A (x4)
and 2.358(4) A (x4) (for Np(I03)4). The I-O bond distances of 1.782(5), 1.811(4), and 1.827(4)
A are normal (12). The terminal I-O bond distance is slightly shorter than those bridging to the
Np(IV) ions. These chains pack together in a pin-wheel fashion (Figure 2b). While the
structures of Np(IV) iodates are expected to be similar, if not identical, with those of Th(IV), we
have yet to isolate a Th-analog of Np(103)4, although, the Ce(IV) version can be prepared, which
underscores some of the problems of using early, less radioactive actinides like Th(IV) and
U(IV) as surrogates for Np(IV) and Pu(IV) (17-19). This was also observed in the An(VI)

iodates, where the U(VI) and Pu(VI) compounds are not isostructural (9,12).



Np(I103)4 crystallizes as single crystals that can have maximum dimensions as large as
several millimeters, making this compound amenable to single-crystal magnetic susceptibility
measurements. Magnetic susceptibility data for Np(IOs)s are shown in Figure 3. Data were
collected on two different crystals yielding pesr of 2.22 and 2.25 pg per Np atom for the different
crystals. The observed magnetic moment for the Np** ions in Np(IOs), is markedly lower than
that calculated for the free-ions (3.62 ug) (20). This is not a reflection of covalency of the 5f
orbitals, but rather arises from crystal field effects in Np(IOs3)4, as has also been suggested
recently for two Np(V) compounds (21). Magnetic fields well outside of the range of a standard
7 T magnet would be needed to achieve full saturation of the magnetic moment (6). The data
follow the Curie-Weiss law with 0 = 0.0(5) K, indicating that the Np(IV) ions are magnetically
isolated from one another. This observation is consistent with the large Np---Np distance of
5.306(1) A within the one-dimensional chains.

These synthetic, structural, and magnetic data provide new avenues for addressing the
reactivity, structures, and properties of transuranic compounds. The use of hydrothermal
conditions with smaller amounts of water than has typically been employed gives access to pure
compounds in the form of single crystals that have not been previously available from standard
synthetic techniques. In a general sense, the actinide chemistry presented here can be considered
as being a part of a larger synthetic methodology wherein redox reactions are used to control the
introduction of ions that lead to the slow crystallization of highly insoluble products (14b,22).
This gradual introduction of reactants facilitates crystal growth of compounds that normally only

form microcrystalline or amorphous powders.
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Figure Captions

Figure 1. A photograph showing the hydrothermal reduction of the Np(VI) iodate,

NpO(103)2(H20), to the Np(IV) iodates, Np(103)4 and Np(103)4-nH,O.

Figure 2. a) A view of the one-dimensional chains in An(IO3)s (An = Np and Pu) consisting
of eight-coordinate, dodecahedral An(IV) centers bridged by iodate.

b) A depiction of the pin-wheel packing of the An(IO3)4 chains.

Figure 3. The temperature dependence of magnetic moment and molar susceptibility

(inset) of a Np(103)4 single crystal. The Curie-Weiss fitting curve is also

shown as a solid line in the inset.
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